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INTRODUCTION
The Periodic Table ( PT) is possibly the first contact that students have with Chemistry. Familiarity with the PT can help in learning important chemical concepts such as Quantum Mechanics (QM).
In general, the first introduction of QM is made theoretically by explaining the fundamental experiments or the postulates of QM. 1 However, the Periodic Table ( PT) could also be considered for this purpose. It is possible to easily infer the shell structure model of the atoms by simple inspection of the periodic properties (PP) of the chemical elements, e.g., the Ionization Potential (IP). If the PP can be described by simple relations, Quantum Mechanics can be introduced more naturally to chemists. The study of the PP is an active area of research and source of Chemical and Quantum insights. [2] [3] [4] [5] [6] [7] [8] [9] Notably, the PT could be added to the list of "fundamental experimental facts".
The Schrödinger equation with spin-orbit correction is the best way to explain the quantum PP. However, an effective Bohr model should be considered for a first introduction of QM. It is possible to observe quantum manifestation on the PT empirically, probing with an effective Bohr Model. Note that the Bohr model is a limited model if used to describe the whole QM.
This work can be applied within a pedagogical approach, improving teaching and learning whereby the students must be active, creative, and participative. The effective model considered in this work is used to describe the whole PT. However, it also represents an approximate model for this. The idea of considering a model to introduce QM to students is relevant to build the thinking process of Chemistry. The teacher can use this approach to construct a challenging situation to stimulate the future learning of QM.
We intend to demonstrate that it is possible to use the PT to introduce the quantum atomic structure by inspecting the PP. The prerequisite for this process is the Bohr model of the hydrogen atom. The quasi-separability of the charges allows the use of this simple functional model. In general, why can we consider the possibility of describing many-electron atoms based on a hydrogen-like atom model, e.g., electronic distribution? This is possible since the interaction among electrons, in general, can be described by a mean field, i.e., those atoms (many-body systems) can be considered effective one-electron systems (so-called orbital model). Why does this occur? It occurs because the electrons dynamically avoid each other (namely, electrons of opposite spin avoid each other due to their Coulomb repulsions, and electrons of same spin avoid each other in addition, also according to the Pauli principle). In this context, one can use an effective one-electron model (such as Bohr) to describe the whole PT. Clearly it is not quantitatively good, however, it can help to simplify the introduction of the PT and quantum mechanics to students by using one simple model. The price to pay is that the simplification process can mix some distinct features. The other extreme is when one needs to describe atoms quantitatively it is better to consider the (relativistic) Schrödinger equation. It is important to emphasize that the effective Bohr model was utilized for convenience of simplicity, this model cannot substitute the Schrödinger equation for a deep comprehension of the QM.
Summarizing, we show experimental effective charge (Z eff ) and effective quantum defect (u) as a function of atomic number (Z). We also show that there are several large jumps together with small ones in the Z eff (Z), while no large jumps occur in the experimental u(Z) defined here . Due to this, we obtained a fitted simple function of u(Z) allowing approximations of, e.g., IP(Z) and Z eff (Z), both with large jumps. The main objective of this work is not to merely extend the Bohr model of the hydrogen atom, but to condense several sparse empirical complex rules into one model, which can be used to probe the quantum structure embedded in the PP of the PT. If this is reached, a simple connection between the PT with Quantum Mechanics can be obtained.
RESULTS AND DISCUSSION

Effective Bohr model
The Bohr model of the hydrogen atom describes the hydrogen--like atomic spectrum through the energy levels E = -0.5 Z 2 / n 2 , where Z is the atomic number and n is the principal quantum number. The two main equivalent modifications of the Bohr model usually considered to describe the energy of the polyelectronic atoms are: the effective charge (Z eff ) and the quantum defect (δ) [1] [2] [3] 10 or effective quantum defect (u), discussed below. The correspondent energy for a neutral atom can be given by 2 , where n(Z) is the principal quantum number of the ionized sub-shell valence of the atomic ground-state, as presented on the PT. n(Z) is a discrete function of Z, which increases with atomic shell number.
The PP can be easily described as a function of Z if Z eff (Z) or u(Z) can be fitted as a smooth function of Z, i.e., without large jumps. It is possible to qualitatively (or semi-quantitatively) describe the (quasi-) PP of the array of elements, which depend intrinsically on the individual atoms, 2 with the hydrogen-like Bohr model with an extra parameter. (The effective quantum defect also depends on the orbitals, 2 consequently, a smooth function of Z, with only one parameter, can only describe an average behavior. This average behavior must agree qualitatively or semi-quantitatively with the experimental values.)
Below, some PPs are considered to show the quantum structure of the atoms through a simple effective model. The various PP presented in the PT are of various different natures. For example, the ionization potential (IP) depends on the free neutral atom and its correspondent cation; the atomic radii are obtained from the chemical compounds. (Z)) 11 is shown in Figure 1 .
IP for free atoms can be different from the IP for chemically bonded atoms. In spite of this, we cannot separate experimentally the IP of the bounded atom from the whole molecule. (For example; the electronic distributions for titanium 6 ) for Ti the IP error is perhaps less than the simple model approximation. In addition, the Pauling EN based on molecular aspects is similar to Mulliken EN. The chemical behavior of the elements is governed by the average atomic shell properties. But the atomic IPs, listed in the common tables, are modified by the spin-orbit coupling and sometimes by configuration changes, particularly for the transition elements. Smoother curves can be obtained if the configuration-averaged 1-electron IPs are used.
The effective properties: Z eff (Z) and u(Z)
The Z eff can be defined as
obtained from the relation of
, with Z H = n H = 1 and IP H = 13.6 eV to the H atom. Z eff is an average increasing function of Z. The experimental Z eff (Z) Equation 1 is shown in Figure 2 . Z eff (Z) and IP(Z) functions oscillate with strong dependence on the atomic family.
The quantum defect δ is well defined for quasi one-electron-atom, e.g., neutral alkaline-metal atoms, singly charged C atoms or for an alkaline-earth cation. 12 We consider that it is possible to define an effective quantum defect u for the ground-state of all neutral atoms, similarly to Slater's correction. 1 Slater's correction (S) is defined as S = Z-Z eff . S is formulated considering that the whole system can be broken down into an effective charge and one electron (nucleus plus other electrons in the same sub-shell or otherwise). u was defined for many-electron systems as an effective charge (Z eff ). The effective quantum defect u can be defined as u = n-n*, where n* is the effective (principal) quantum number, u is formally similar to δ, but they are physically and chemically different. u describes the correction in the quantum number n, i.e., any atom can be characterized as an effective one-electron-atom model . In particular, u = δ for alkaline atoms. 10, 12 The effective quantum defect (u) cannot be mistaken with usual quantum defect (δ).
The experimental effective quantum defect u can be obtained from the following equation:
where u(Z = 1) = 0 for the H atom. The u(Z) obtained is shown in Figure 3 . It is evident that u(Z) has a quasi-smooth behavior as a function of Z. This function can be given as (see next section)
These two functions (u(Z) andu(Z)) are shown in Figure 4 . The function u(Z) − -u(Z) was also plotted in Figure 4 and its oscillations due to the sub-shells are also evident. These oscillations can be ap- The best fit for the effective quantum defect is -u*(Z) = aZ b + c, where a=+0.98 ± 0.16, b=+0.414 ± 0.028, and c=-1.14 ± 0.25. However, since u(Z=1)=0, we also consider that -u(Z=1)=0, which implies that a=-c. We impose that c=-a=-1 since a ≈ 1. We also impose that b=p/q, where p and q are small integer numbers. The approximation b=2/5=0.4000 is also a possibility. b can be estimated considering simple models for the He atom, which is the simplest polyelectronic atom. 
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obtained for this line configuration, considering that after the ionization, the remnant system is represented by a hydrogen-like atom with Z = 2, i.e., Z eff = 3/2 = 2×7/4 -Z. The average effective charges 27/16 are obtained variationally for He atom, 1 which Z eff = 11/8 = 2×27/16 -2. These estimates for b are only heuristic, e.g., it does not mean that the helium atom in the ground-state has a line shape). Clearly, the best average b value can be obtained by solving the Schrödinger equation for all atoms. However, the simplicity would then be lost.
Effective quantum number
The effective quantum number defined asn Figure 2S, supplementary material) .
The experimental effective quantum number n*(Z) = n(Z) / Z eff (Z) = n(Z) − u(Z) shows that the smoothed function u(Z) is useful and easily interpreted, but is not discussed in the literature. The effective quantum defect u(Z) can be considered a generalization of the usual quantum defect δ. u(Z) describes the correction of the quantum number n, i.e., any atom can be characterized as an effective one--electron-atom model.
Effective charge and Slater's rules
The effective charge
The Z eff jumps are given by n(Z) in the equation above since the n(Z) changes when the period of the PT changes. Note that the u < n and lim n→∞ -Z eff =1 for a fixed Z recovers the hydrogen-like Bohr model. (The comparison between the experimental Z eff obtained from the IP and -Z eff (Z) is shown in Figure 3S , supplementary material). Similarly, we can find Slater's correction (S) 1 with Z eff Figure 6 shows the experimental Z eff , Z eff *= (Z-S) given by Slater's rules, 1, 14 along with -Z eff for the 1A family and for the second period (P2). We can observe that -Z eff has a better agreement than Z eff *, consequently (Z) can be another alternative to Slater's rules. (The comparison between the experimental IP, IP* (obtained from Slater's rules), and -IP is shown in Table 2S , supplementary material, and a similar agreement can be observed).
Atomic radius
The total energy is equal to half of the potential energy E = -0.5 (Z/n) 2 = 0.5 (-Z/r) for hydrogen-like atoms or for other systems with the potential given by ~1/r. 1 The atomic radius (in atomic unity) can be obtained by r = n 2 /Z or considering the corrections discussed above
. Similarly to the IP property, the ratio of the atomic radius can be given by r(Z) = r H (n(Z) − u(Z)) 2 , where r H is the hydrogen's atomic radii for ground-state. If these variables are summed up, the adjusted atomic radiusr (Z) is
The experimental atomic radii r(Z) 11 are shown in Figure 7 together withr (Z). A reasonable agreement between r(Z) andr (Z) can be observed. Note that r(Z) could depend on the definition of the IP.
Summarizing, the PPs discussed above are connected directly to the quantum atomic structure. The atomic model considered can translate this connection.
CONCLUSIONS
The (quantum) shell structure of atoms can be easily inferred by a simple inspection of the PP. Quantum Mechanics can be illustrated naturally if the PP can be described by simple relations. In other words, the empirical quantum manifestation of the PT can be probed with an effective Bohr model. Clearly, the Schrödinger equation with spin-orbit correction is the best way to explain the quantum PP and it is important to emphasize that the Bohr model is a limited model to describe the whole QM.
Some (semi-quantitative) PPs are obtained for all elements using Quantum Mechanics can be effectively illustrated for chemistry students by referring to a model fit for the atomic shell structure. PPs are derived from the quantum atomic structure while the term "periodic" is a direct consequence of the "quantum structure".
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The supplementary material, available at http://quimicanova. Table 1S . continuation
